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A close family resemblance: the importance of structure in
understanding cytochromes P450
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Cytochromes P450 comprise a very large superfamily of
hemeproteins which generally monooxygenate
hydrophobic compounds. P450s appear to have a common
conserved structural core, yet are variable in regions
involved in substrate recognition and binding, and in
redox-partner binding. These differences can be identified
by an analysis in which structural alignments and
homology models are used to compare the various
classes and families of P450s.
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The hemeprotein nature of the unusual carbon monoxide
binding pigment of liver microsomes termed cytochrome
P450 (P450), was first reported by Omura and Sato in 1964
[1]. Subsequently, Estabrook and colleagues showed that
this and the comparable adrenal hemeprotein catalyzed
the monooxygenation of drugs and steroids [2]. P450
enzymes are found in almost all eukaryotes, prokaryotes,
and even in hyperthermophilic archaea. With over 1000
genes/enzymes identified to date, the P450 gene super-
family has been divided into over 70 families. Enzymes
with less than ~40% sequence identity are placed in dif-
ferent gene families [3], but often there is less than 15%
sequence identity between families. (See also Nelson’s
web site at http://drnelson.utmem.edu/nelsonhomepage.
html for the latest information regarding sequences and
alignments.) There are only three amino acids absolutely
conserved and several more highly conserved across this
gene superfamily containing on average 500 amino acids
per enzyme. In mammals, P450s are known to function in
several processes: in steroidogenesis, mainly in the gonads
and adrenal glands, with six different P450s functioning in
the three steroid pathways; in the detoxification of xeno-
biotics and drugs, predominately in the liver and gut; and
in the arachidonic acid cascade, producing prostaglandins
and epoxy- and hydroxy-eicosanoic acids. Although the
organs mentioned above are the sites of the major concen-
trations of P450s, low concentrations of P450s are found in
essentially all tissues (brain and skin, etc.). Each P450 has
a preferred set of substrates ranging from steroids to poly-
cyclic aromatic hydrocarbons to fatty acids; therefore, each
must have a unique method of substrate recognition and
an active site which allows regiospecific and stereospecific
monooxygenation, yet they all appear to have a similar
structural core.
P450s catalyze monooxygenation reactions and in doing
so require a redox partner to transfer electrons from
reduced pyridine nucleotides to the P450 for the binding
and activation of the iron-bound molecular oxygen.
Although P450s are usually divided into gene families as
described above, they can also be divided into four differ-
ent classes depending on the redox partner required.
Class I enzymes are located in mitochondria and bacteria
and require an FAD-containing NAD(P)H ferredoxin
reductase and an iron–sulfur protein which shuttles elec-
trons between the reductase and the P450. Examples of
class I P450s include P450scc (CYP11A1, mammalian)
which catalyzes the sidechain cleavage of cholesterol, and
P450cam (CYP101, bacterial) which catalyzes the 5-exo-
hydroxylation of camphor. Class II P450s, found associ-
ated with the endoplasmic reticulum (ER) of eukaryotes,
require a ubiquitous FAD/FMN-containing NADPH P450
reductase for enzymatic activity. Examples of this class
include the phenobarbital-inducible, drug-metabolizing
microsomal P450, P450LM2 (CYP2B4), and P450BM3
(CYP102), a self-sufficient, soluble, bacterial P450 that
catalyzes the oxidation of long-chain fatty acids. Class III
P450s do not require an exogenous source of electrons as
they employ either endoperoxide or hydroperoxide sub-
strates which already contain oxygen. Examples of this
class include the mammalian enzyme thromboxane syn-
thase (CYP5A1) and the plant enzyme allene oxide syn-
thase (CYP74). Finally, at present, there is one known
example of a class IV P450, P450nor or nitric oxide reduc-
tase (CYP55A) that receives its electrons directly from
reduced pyridine nucleotides without the intervention of
an electron carrier. If the presumption is made that there
is a ‘structural core’ common to all P450s, then the charge
distribution and topography of the ‘redox-partner binding
region’ of each class of P450 must vary to accommodate
the various types of redox partners.
In general, in the P450 reaction cycle (Figure 1),
hydrophobic substrates appear to be initially selected at
the mouth of the ‘substrate access channel’ leading to the
buried active site, and most likely enter in an orientation
allowing regioselective and stereoselective monooxygena-
tion. In this review, we have illustrated substrate binding
with a long-chain fatty acid (long black line; Figure 1).
Upon recognition and binding of the substrate, class I and
II P450s receive an electron from NAD(P)H via the redox
partner, thus allowing molecular oxygen to bind the heme
and form an iron–oxygen complex. A second electron is
then transferred to the heme iron resulting in the
homolytic cleavage of the distal oxygen atom and the sub-
sequent formation of water; the proximal oxygen atom
reacts with the substrate and the product is released.
Despite recent advances, a large number of questions
regarding the mechanism of action of P450s remain
unanswered. In soluble bacterial P450s, substrate binding
results in a substantial increase in the redox potential of
the heme iron; however, evidence for such a change in
potential in eukaryotic P450s is not always so clear. In
addition, the way in which P450s sense the presence of a
substrate in the active site and how this information is
transmitted to the surface of the protein to potentiate
redox partner binding is unknown. This process is cur-
rently under investigation by several groups. Oxygen
binding to the ferrous form of P450 is very fast under
normal experimental conditions (~240 µM oxygen).
Whether this reaction might influence the kinetics or
chemistry of P450 reactions under physiological concen-
trations of molecular oxygen (~1–5 µM) is not known.
Finally, there are structural questions to be asked about
the mechanism of substrate selectivity, substrate orienta-
tion in the active site, redox-partner recognition, the path
of electron transfer, and the activation or splitting of
molecular oxygen.
As now must be evident, P450s are a complex family of
enzymes that have variable primary, secondary, and ter-
tiary structures. Such variation is necessary to accommo-
date specific substrates, redox partners, and the cellular
location of the protein (e.g. whether soluble or mem-
brane-associated, mitochondrial or microsomal). The
soluble, crystalline P450s have been shown to have a
conserved structural fold [4]. To date, six P450s have
been crystallized and their structures determined [5–9];
but, the coordinates of only the five listed below are pub-
licly available. Four of these enzymes are soluble bacter-
ial P450s; the fifth is a soluble eukaryotic P450. Three of
the P450s belong to class I — P450cam [10], P450terp
(CYP108) [7] and P450eryF (CYP107A1) [8] — one is a
class II P450 — P450BM-P (CYP102) [6] — and one is
the class IV P450 — P450nor [9]. Unfortunately, the only
eukaryotic P450 structure that has been determined is
one that is soluble, and probably resulted from a lateral
gene transfer from a bacterium to the fungus Fusarium
oxysporum. To date, there are no reports of diffraction-
quality crystals from membrane-bound eukaryotic P450s,
probably due to the heterogeneous oligomeric nature of
these proteins.
Of the structurally determined P450s, P450cam and
P450BM-P (the P450 domain of P450BM3) are most well
understood. There is ~20% sequence identity and 47%
similarity between P450cam and P450BM-P. P450cam is a
class I P450 with camphor, a small monoterpene molecule,
as its substrate; P450BM3 is a class II P450 that has long-
chain fatty acids and eicosanoids as substrates. Because of
their differences in substrates and redox partners, these
two P450s are good illustrations of the range of differ-
ences, as well as the similarities, among P450s.
An illustrative topology drawing for P450BM-P is shown in
Figure 2 with a ribbon drawing of the protein shown in
Figure 3. Comparisons of the five structurally characterized
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Figure 1
A cartoon illustrating the reaction cycle of
P450s (blue). The substrate, a long-chain fatty
acid, is represented by a black line in the
access channel and active site. The heme and
its redox state are represented by the colored
parallelogram, and reductase binding by the
large brown ball behind the P450.
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P450s show that, in general, these enzymes contain four
β sheets and approximately 13 α helices, with an inser-
tion termed the J′ helix in P450BM-P. From sequence
alignments, this insertion also appears to be present in
eukaryotic P450s. The presence of β5 is variable. The
conserved P450 structural core consists of a four-helix
bundle, comprising helices D, E, I and L, and helices J
and K. Helix I contains a highly conserved threonine
residue with an acidic residue just N-terminal to this
which is positioned over pyrrole ring B in the active site.
Helix K contains the absolutely conserved Glu-X-X-Arg
motif which may be involved in stabilizing the core struc-
ture and is on the proximal side of the heme (the putative
redox partner binding side). Helix L forms part of the
heme-binding region. There are two sets of structurally
conserved β sheets: β sheet 1 containing five strands and
β sheet 2 containing two strands. These sheets help to
form the hydrophobic substrate access channel. As is the
case for all P450s, there is a structurally conserved consen-
sus sequence on the proximal face of the heme containing
the absolutely conserved cysteine residue. This residue
forms the fifth ligand of the heme iron and is the reason
for the characteristic 450 nm Soret absorbance found in
carbon monoxide bound proteins. Finally, all of the P450
structures contain a coil termed the ‘meander’ which is
highly conserved in structure and is also located on the
proximal face of the protein. Prior to X-ray crystal struc-
ture determinations, this region was described by Ozols et
al. as the ‘aromatic region’ [11].
The nonconserved or variable regions, as mentioned
above, are usually associated with substrate and redox-
partner binding. On the basis of sequence comparisons
between members of the CYP2 family and P450cam,
Gotoh [12] identified regions believed to be involved in
substrate recognition designating them with a substrate
recognition site (SRS) number. (SRS numbers are fre-
quently referred to in the P450 literature.) The variable
regions associated with substrate binding are helices A, B
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Figure 3
A ribbon diagram of P450BM-P based on the atomic coordinates of
the protein [6]. The secondary structure elements are colored as
described in Figure 2. The N terminus of the molecule is to the left of
the figure and is indicated by the letter ‘N’; the C terminus is to the
right and is indicated by the letter ‘C’. The heme is shown in the
center of the figure in dark gray. Various secondary structure
elements that are readily visible from this perspective (distal face) are
identified in the figure.
Figure 2
A topology drawing illustrating the secondary
structure elements of the P450 family of
proteins. Green rectangles represent helices,
blue arrows represent the strands of β sheets,
and orange lines represent the ‘random’ coils
connecting the helices and strands. The
elements are grouped into two ‘domains’ as
originally described by Poulos et al. [5].
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and B′, F and G, and their adjacent loops. Loops B–B′
and B′–C line the active site (SRS-1), and helices F and
G and the F–G loop (SRS-2 and SRS-3) form part of the
access channel and its ceiling. The β turn at the end of
β sheet 4 protrudes into the active site (SRS-6), as does
the region at the N terminus of β1-strand 4 (SRS-5); see
Figure 2 for β strand nomenclature). The other region
which is associated with substrate binding and is impor-
tant in the reaction mechanism, but is conserved
throughout the P450 family, is the center portion of helix
I (SRS-4). 
Although not present in the soluble P450s crystallized to
date, the membrane association region(s) of P450s have
an important role in localization to the ER or mitochon-
drial membrane. The N-terminal sequence of micro-
somal P450s is most certainly membrane-associated;
however, in several P450s other regions appear to bind to
the membrane as well [13]. In molecular models of some
P450s, it appears that the mouth of the substrate access
channel is predominantly hydrophobic, as might be
expected because P450s bind hydrophobic substrates
[14]. One might then speculate that the F–G loop and
β1-strands 1 and 2, which form the mouth of the channel,
may be associated with the membrane in some specific
fashion so as to bind the appropriate substrates (as illus-
trated in the cartoon in Figure 4).
During the initial structure determination of P450BM-P,
it was noted that there were two molecules in the asym-
metric unit of the crystals and that the two molecules dif-
fered at the mouth of the substrate access channel (as
illustrated in Figure 5) [6]. There seemed to be the
potential for significant motion about the mouth of the
channel without loss of the characteristic P450 structure
and this motion in combination with the adjacent solvent-
exposed hydrophobic patch of residues might have a role
in substrate recognition, docking and binding at the
active site above the heme iron. Indeed, subsequent mol-
ecular dynamics simulations have shown that there is sig-
nificant motion about this channel [15,16]. Further
support for molecular motion of the P450BM-P backbone
and its substrate was provided by the determination of
the structure of the substrate-bound, ferrous form of
P450BM-P using nuclear magnetic resonance (NMR)
spectroscopy. The structure revealed that the position of
the ω-end of the fatty acid substrate was consistent with
the catalytic reaction [17]. These results, as well as those
reported for P450eryF [18], probably represent the para-
digm for substrate interactions with eukaryotic P450s.
That is, the substrate-binding site is likely to be flexible,
adjusting its shape to fit the substrate being oxidized.
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Figure 5
A Connolly [27] solvent-accessible surface of
each of the molecules in the asymmetric unit
of P450BM-P [6]. The Cα backbone of the
structure is depicted by a green coil; the
surface is shown with white dots. The heme
(in space-filling representation) is in the lower
right-hand corner of each panel. (a) Molecule
A and (b) molecule B in the PDB database.
The roles of Arg47 and Phe87 in substrate
binding and orientation in the active site of
P450BM3 have been described [28]. (The
figure was created with the program InsightII
using a 1.4 Å sphere.)
Figure 4
A cartoon illustrating the proposed orientation of membrane-bound
P450s with respect to the membrane. This perspective is from the distal
face of the molecule with the β-sheet-rich region and the loop between
the F and G helices of the molecule oriented towards the membrane.
This orientation places the ‘substrate docking region’ and ‘substrate
access channel’ [6] in contact with the membrane. Hydrophobic
substrates, that are dissolved in the membrane, would have a path
(indicated by the blue arrow) from the membrane into the active site.
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The role of various residues in redox-partner (molecular)
recognition, substrate binding, and the catalytic cycle of
P450s has been the subject of much speculation. With the
advent of large databases of protein sequences paired with
alignment of the three-dimensional structures, a resource
has been generated that may be used to guide further
structural analyses. Approximately two years ago, Lichtarge
et al. [19,20] utilized a sequence database for the family
of trimeric G proteins to examine protein–protein inter-
action surfaces. Their premise was that interaction sur-
faces would be conserved over evolutionary time and
that these surfaces would be recognized by their inter-
action partners because of their conserved charged and
uncharged residues. They coined the term ‘evolutionary
trace’ to characterize these surfaces [20]. With the avail-
ability of the large P450 database, we decided to apply
their methodology but to expand the analysis to include
structurally conserved residues important in folding and
in the reaction mechanism. We believed that the surface
trace for redox-partner interaction would be invisible if
one examined the conserved charges on the P450 family,
due to the variability of redox partners described earlier.
Thus, we selected at random one member from each of
the P450 families (because the composition of the sequence
database is heavily skewed by eukaryotic drug-metaboliz-
ing P450s). The analysis was restricted to full-length
sequences that are publicly available. After the sequences
from the 74 gene families were aligned using the Needle-
man–Wunsch algorithm [21], as implemented in the
PILEUP subprogram of the Genetics Computer Group
(GCG) suite of programs, charges were assigned to the
residues that would normally be charged (i.e. +1 for argi-
nine and lysine, –1 for glutamate and aspartate and +0.5
for histidine). The average charge was then calculated for
each position in the aligned sequences. If a particular
residue had an average charge of > |0.5|, the absolute value
of the fractional charge was assigned to the comparable
residue in the P450BM-P structure. The DELPHI sub-
routine in the InsightII suite of programs was then used
to calculate an electrostatic charge distribution on the
Connolly solvent-accessible surface of P450BM-P based
on these charges. For graphic visualization of the charge
distribution, positive charges were assigned in blue and
negative charges were assigned in red. Figures 6 and 7
show the results of this analysis for two orientations of
the ‘composite’ P450: the distal or substrate-recognition
surface and the proximal or putative redox-partner
docking surface. From the distal surface, only a single neg-
atively charged residue was prominent in the composite
P450. This residue is immediately N-terminal to the con-
served threonine in the I helix and has been proposed to
be involved in a charge relay of protons from the surface of
the protein to the site of oxygen activation at the heme
iron [22]. A grouping of charged residues at the bottom of
the structure is visible from both the distal and proximal
face of the composite P450. These residues comprise the
absolutely conserved Glu-X-X-Arg motif as well as some
other residues from the meander that we had earlier
identified as forming a hydrogen-bond network to stabi-
lize the P450 structure [4]. At the top of the proximal
face of the composite P450, there is a pale blue region
composed of residues previously identified as important
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Figure 6
The distal face of the P450 model
constructed and colored as described in the
text. A ribbon drawing of P450BM-P is
included in the upper left-hand panel to
illustrate the orientation of each of the models.
in charge neutralization of the heme propionates [4].
Finally, there is a conserved residue at the N-terminal end
of the I helix that had not been recognized previously.
This residue most likely functions to neutralize the helical
dipole of the I helix. In conclusion, as anticipated, we did
not find a discernible surface evolutionary trace of charges
on the P450 family composite.
Our analysis was continued to determine if there was a
recognizable evolutionary trace that differed between
microsomal and mitochondrial P450s. For this analysis, all
of the mitochondrial P450s, i.e. the class I P450s, in the
sequence database were selected and compared with
those microsomal P450s, which are class II P450s, from
families 1, 2, 4, 6, 17 and 21. The charges from the
aligned sequences were averaged and then transposed to
the structural framework of P450BM-P for graphic visual-
ization, as described above. The results of this analysis
are shown in Figures 6 and 7. The charge distribution on
the distal surface is not striking, with the exception of the
carboxylate from the I helix discussed above. In contrast,
the proximal surfaces are quite distinctive. In the case of
the microsomal P450s, the positively charged region over
the heme propionates becomes more pronounced with
several residues from the C helix contributing to the charge.
These residues have been implicated in redox-partner
binding [23]. The negatively charged region beneath the
β-sheet-rich portion of the molecule is also interesting.
Because of the size of NADPH P450 reductase [24], the
interaction surface between these two redox partners
may be significantly larger than the region immediately
adjacent to, or over, the heme in the middle of the struc-
ture. In comparison, the positively charged patch in the
mitochondrial P450s has been translated 180° with
respect to the heme iron and clusters with residues from
the K helix, which were previously identified by Wada
and Waterman as essential for redox-partner binding
[25]. In addition, in each mitochondrial P450, the L helix
begins with two positively charged residues. These
residues contribute significantly to the positive charge in
this region. To the knowledge of the authors, site-directed
mutagenesis has not been employed to examine the role
of residues from the L helix in redox-partner binding. In
a similar manner, this method of charge analysis can be
used to obtain information highlighting the differences
between specific gene families that might contribute to
the binding preference of NADPH P450 reductase for
one P450 gene family over another [26].
In conclusion, while the structurally determined P450s may
have only 15% identity, they have a similar three-dimen-
sional structure with a conserved structural core. This and
sequence similarities present in the membrane-bound
eukaryotic P450s convince us that there is structural simi-
larity among all members of the P450 gene superfamily.
However, one can expect that substrate recognition and
binding, as well as redox-partner interactions, will vary
among the classes of P450s. Important functional residues
have been identified through sequence analysis and mol-
ecular modeling. For example, a comparison of all P450s
aids in the identification of residues involved in molecular
activation, whereas comparison of sequences between mito-
chondrial and microsomal P450s allows identification of
residues involved in redox-partner binding — highlighting
the importance of structure in understanding the function
of cytochromes P450.
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Figure 7
The proximal face of the P450 model
constructed and colored as described in the
text. A ribbon drawing of P450BM-P is
included in the upper left-hand panel to
illustrate the orientation of each of the models.
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